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INTRODUCTION

This report covers the first year of a program of research aimed at

improving our understanding of fatigue processes in powder metallurgy (P/M)

alloys of interest in structural applications. During this period

attention has been focussed on fatigue crack growth characteristics of two

aluminum P/M alloys, X7090 and X7091. For comparison purposes, the ingot

metallurgy (I/M) alloy 7075-76 has also been tested. The results of tests

in air as a function of mean stress level, and in a sodium chloride environ-

ment will be described.

MATERIALS AND EXPERIMENTS

The alloys described in this report were obtained in extruded form from
L

Alcoa via Lockheed-California Company. These alloys are:

P/M X7090-T6

P/M X7091-T7E69

I/M 7075-T76

The nominal chemical compositions and mechanical properties for these

materials are given in Table 1 and Table 2, respectively. The microstruc-

tures of the P/M alloys are shown in Figs. 1 and 2. Both microstructures

and fine and uniform.

The specimens for fatigue crack growth tests were 6.3mm thick of the

ASTM compact tension type with an effective width, W, of 57.2mm and a half

height, H, of'34.4mm (H/W = 0.6). The specimens were machined'from 1.5-inch

thick plates, in eahc of the orientations L-T and T-Lr Because of the extent

of material removed during machining any possible residual stress effect

-n fntigue crack gro th is thought to be ininmal.

The fatigue tests were conducted at a load ratio R (R = K min/K max ) of

0.05 at room temperature (%200C) in air at a relative humidity level of 50%.

======
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The X7090 T-L and X7091 L-T specimens were also tested at a load ratio of

0.5. In addition to the tests in air the X7091 L-T alloy was tested in

3.5% NaCl distilled water at a load ratio of 0.05. The frequency of cyclic

loading was generally 50 Hz with a sinusoidal waveshape but a slower frequency

in the range of 20 to 5 Hz was employed in the higher growth rate region

above 5xlO -5 mm/cycle.

To obtain a threshold value, a K-decreasing test was used. AKTH was

determined as the stress intensity factor range, AK, at which no crack growth

was observed for at least 2x106 cycles. For all specimens, once AKTH had

been achieved the load was slightly raised and a K-increasing test was con-

ducted under constant load amplitude.

Mea6zrements of the crack opening loads were taken using the modified

elastic compliance method in which the elastic compliance was electronically

subtracted from the total crack opening displacement (COD) signal to increase

sensitivity.

RESULTS AND DISCUSSION

R = 0.05 Tests

The results of fatigue crack growth tests at R = 0.05 are shown in

Fig. 3. As seen in the figure, the P/M alloys show faster growth rates in

the intermediate region as compared to the I/M 7075 alloy. At higher growth

rates the growth rate curves for the P/M alloys diverge because of a lower

fracture toughness of the X7090 alloy. No significant orientation effect

in terms of the growth rate was observed in the intermediate region of both

the P/M alloys.

In the near-threshold region, growth rates of the P/M alloys were

slower than those of the I/M alloy of the same orientation. It was also

seen that threshold levels of the P/M alloys were higher than for the I/M

7075 alloy. In contrast to a generally observed trend that an increase in
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tensile stregnth decreases a threshold level, a similar threshold level

was obtained for both the X7091 T-L and X7090 T-L alloys, although tensile

and yield strengths of the 7090 alloy are higher than those of the X7091

alloy. No difference in the near threshold fatigue crack growth behavior

was found in the X7090 alloy, but the significant orientation effect was

observed in the X7091 alloy, i.e. the T-L direction was more resistant to

the near-threshold fatigue crack growth as compared to the L-T direction.

The results of crack opening load measurements are presented in Fig. 4

in terms of the ratio of Kop to Kmax as a function of AK where Kop and Kmax

are the stress intensity level at crack opening and the maximum stress

intensity factor of cycling, respectively. This figure indicates that the

crack closure effect on fatigue crack growth is very high in the near

threshold region and falls to a much lower level as AK increases. Although

all alloys tested in this study follow a similar trend, crack closure levels

at a comparable AK level are considerably different depending upon the

type of alloy. It is seen that both the X7090 L-T and T-L alloys show the

greatest crack closure effect in contrast to the relatively low crack

closure levels obtained in the X7091 alloy. It is noted that in the near-

threshold region the X7091 T-L alloy showed more crack closure than the

X7091 L-T alloy.

Fractographic analysis revealed that the fracture appearance of the

X7090 alloy in the near threshold region consists of shear facets indicating

that a combination of mode II and mode I crack growth is dominant in this

region. Fig. 5 is a fractograph taken at a growth rate of ixl0 - 6 mm/cycle

in the X7090 T-L alloy showing examples of the shear facet. The shear

facets started to appear approximately at a LK of 4 MPavm where the

-.5corresponding growth rate da/dN is lxlO mm/cycle. The process of crack

growth takes place by the opening mode above this region. It was also
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found that shear mode crack growth was increasingly dominant as AK

approached the threshold level, resulting in higher crack closure levels

in the near-threshold region. Because of the nature of combined mode II

and mode I crack growth, extensive fretting action takes place behind the

crack tip. As a result; the fracture surface at the threshold level was

somewhat smooth as the result of errosion as shown in Fig. 6.

Fractographic analysis on the fracture surface of the X7091 alloys

revealed that the fracture appearance in the near-threshold region is also

relatively smooth without clear evidence of shear facets, as shown in Figs.

7 and 8. These-fractographs were taken at a growth rate of ixl0 - 6 mm/cycle

and contrast with the fracture appearance of the X7090 T-L alloy shown in

Fig. 5. The surface is much smoother in appearance, evidence of inte-

granular cracking is seen, and there is some type of debris present. At

the threshold level for X7091 L-T the fracture surface is rather smooth,

Fig. 9, on the X7091 alloy as compared to the X7090 alloy. Fig. 10 shows

the appearance of fatigue cracks at threshold for three types of alloys

tested. Both the X7091 L-T and X7091 T-L alloys show the presence of debris

on the specimen side surfaces. The debris moved from the specimen interior

through the crack during cycling, with the greatest amount of debris accumu-

lated at the threshold level. No debris was observed for the X7090 alloy

which shows higher crack closure levels than the X7091 alloy.

It is evident that as a result of the crack closure process in the X7091

alloy a great deal more debris is formed in this than in the case of the

other alloys studied. It is possible that this debris consists of individual

grains which have separated along relatively weak grain boundaries. We

are currently examining the nature of the grain boudnary in these alloys

to determine if either an aluminum oxide or cobalt phase is concentrated

there which might account for weaker grain boundary paths. We note that this

(Final Report to AFOSR-78-3732, Nov. 1981) has attributed grain boundary

weakness in X7091 to A1203 particles.
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It also seems likely that as the fretted debris is extruded to

the surfaces of the specimen that that extent of crack closure would

decrease as observed.

R - 0.5 Tests

Results of fatigue crack growth tests at R - 0.5 are presented in

Fig. 11. As expected, a lower threshold level and higher growth rates

for a given value of AK were obtained for both the X7090 T-L and X7091 L-T

alloy as compared to those at R = 0.05. Measurements of crack opening

loads were also taken in these tests. These measurements were taken without

unloading below minimum load levels. The results indicated no crack closure

except perhaps just at the threshold for both the alloys. Fig. 12 shows

the fracture appearance of the X7090 T-L alloy observed at a growth rate

of l.Ox10-6 mm/cycle. It is seen from the figure that the crack path in the

near-threshold region is transgranular. It should be noted that the fracture

appearance in the near threshold region is relatively smooth and not particularly

crystallographic. This appearance is in contrast to the tortuous fracture

appearance associated with the combination of mode II and mode I crack growth

commonly observed in the near threshold region for this alloy at R = 0.05

as shown in Fig. 5. In the present case, shear facets were observed only very

near to the threshold as shown in Fig. 13. As yet, the significant effect of

load ratio, R, on the near-threshold fatigue crack growth has not been fully

understood. The present fractographic analysis clearly indicates that at

R = 0.5 a mode I crack growth is dominant even in the near threshold region.

As a result, there is little or no crack closure effect on the near threshold

fatigue crack growth. This results in a lower threshold level as compared to

that at a low R ratio.
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Corrosion Fatigue

Fig. 14 presents the result of a corrosion fatigue test for the X7091

L-T alloy in 3.5% NaCl in distilled water together with results obtained in

air. In a K-decreasing test, crack growth rates in the NaCl solution were

much faster than those in air in the intermediate region, but were slower in

the near-threshold region. It was found that the rate of crack growth

gradually decreased with continued cycling at a AK of 2.2 MPam. The crack

was finally self-arrested at this AK level, resulting in a higher AKTH level

than that in air. Paris et. al., (1) reported a similar result obtained

for a A533 steel i.e. a threshold level in distilled water is higher than in

air, and suggested that this higher threshold level in distilled water is due

to corrosion products formed between the mating fracture surfaces which

significantly reduce the effective crack tip opening displacement. Ritchie

et. al.( 2) and Stewart (3) have further advanced the effect of corrosion

products on the near-threshold crack growth in laboratory air and inert gas

environments. In the present study, as seen in Fig. (15) crack closure levels

in the near-threshold region are much higher in the NaCi solution than in air

where the combination of mode II and mode I crack growth controls the crack

closure behavior. It is apparent from the figure that in the NaCl environ-

ment the effect of corrosion products on crack closure behavior is much

greater than that of the mode-II and mode I crack growth.

In air tests K decreasing test results generally agree with those ob-

tained by a K-increasing test. However, in the present corrosion fatigue

test much slower crack growth rates were obtained in the K increasing test

than in the K-decreasing test. Since the specimen for the K increasing

test had been exposed to the NaCl environment for approximately three days,

it is thought that the difference in Frowth rate is attributed to the
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presence of thick corrosion products. This result indicates that in the

present case a threshold value and growth rates in the near-threshold

region are predominantly controlled by the thickness of corrosion products.
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Fig. 1 - Microstructure of extruded P/M X7090.

Fig. 2 - Microstructure of extruded P/M X7091.

Fig.. 3 - Fatigue crack growth rates as a function of AK for P/M and

I/M alloys (R = 0.05).

Fig. 4 - Ratio of Kop to Kmax as a function of AK for P/M and I/M alloys.

Fig. 5 - Fracture surface of X7090 T-L alloy.

Fig. 6 - Fracture surface of X7090 alloy at threshold.

Fig. 7 - Fracture surface of X7091 alloy.

Fig. 8 - Fracture surface of X7091 alloy showing oxide debris.

Fig. 9 - Fracture surface of X7091 at threshold. Vertical arrow indicates

position of crack front at threshold.

Fig. 10 - A specimen of crack tip region at free surface at threshold.

Fig. 11 - Fatigue crack growth rates as a function of AK for P/M alloys

(R = 0.5).

Fig. 12 - Fracture surface of X7090 at R = 0.5.

Fig. 13 - Fracture surface of X7090 at R = 0.5 near threshold.

Fig. 14 - Rate of fatigue crack growth in 3.5% NaCl for X7091 (L-T)

compared to growth rate in air under decreasing and increasing

LK conditions.

Fig. 15 - Ratio of Kop to Kmax as a function of AK for X7091 in air and

in 3.5% NaCl solution.
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R =0.05
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Fig. 3 -Fatigue crack growth rates as a fun~ction of &K for P/M
and I/M alloys (R - 0.05).
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I'X7090 T-L 1x10- mm/cycle

Fig. 5 Fracture surface'of X7090 T-L ciloy.

Im I

X7090 T-L AK TH

rig. 6 - Fracture surface of X7090 alloy at threstold.
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X7091 L-T 1X1q 6 mm/cycle

Fig. 7 -Fracture surface of X7091 alloy.

" ?:7091 T-L IxlO-6lmm/cycle

,g. - itcLur(2 surface u[ X7u91 alloy showing oxide debris.
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Fig. 9 - Fracture surface of X7091 at threshold. Vertical arrow
indicates position of crack front at threshold.



cIr

00
- F-c.



-AIM

X 7090 T-L -RR00.5

1-3 X 7091 L-T
,R=Q5

1/ 40

10/ 4

10-5,

'Oe

10-7

10-8 lol

1 1 1 2

AK (Ma

-7 g /I -iac.~u rc rwhrtsa urt fA o
10 lly R .)



X7090 T-L 1X10- mm/cycle
Fig. 12- Fracture surface of N'7090 at R' 0.5.

X7090 T-L 2x0mm/cycle

1~. 3 - rcture surface of X7090 nt R< 0.5 ne'ar threshold.
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Fig. 14 - Rate of fatigue crack growth In 3.%NaC1 L;z 17091 (L-T)
compared to growth rate in air under decreasi.;, and increasing
K conditions.
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